Purpose: Stereotactic radiation therapy (SRT) enables focused, short course, high dose per fraction radiation delivery to brain tumors that are less ideal for single fraction treatment because of size, shape, or close proximity to sensitive structures. We sought to identify optimal SRT treatment regimens for maximizing local control while minimizing morbidity. Methods and materials: We performed a retrospective review of patients treated with SRT for solid brain metastases using variable dose schedules between 2001 and 2011 at 3 academic hospitals. Endpoints included (1) local control, (2) acute toxicity (Common Toxicity Criteria for Adverse Events v3.0), and (3) symptomatic radionecrosis. Kaplan-Meier and a competing risks methodology were used to estimate the actuarial rate of local failure and assess the association of clinical and treatment covariates with time to local failure. Results: A total of 156 patients was identified. Common tumor histologies included breast (21%), non-small cell lung (32%), melanoma (22%), small cell lung (9%), and renal cell carcinoma (6%). The majority of lesions were supratentorial (57%). Median target volume was 3.99 mL (range, 0.04-58.42). Median total SRT dose was 25 Gy (range, 12-36), median fractional dose was 5 Gy (range, 2.5-11), and median number of fractions was 5 (range, 2-10). Cumulative incidence of local progression at 3, 6, 12, 18, and 24 months was 11%, 22%, 29%, 34%, and 36%. Total prescription dose was the only factor significantly associated with time to local progression on univariate (P Z .02) and multivariable analysis (P Z .01, adjusted hazards ratio, 0.87). Five patients
Introduction
Approximately 20% to 40% of cancer patients will develop brain metastases, resulting in more than 200,000 new cases in the United States each year.
1,2 Whereas whole brain radiation therapy (WBRT) has been the standard treatment for patients with multiple brain metastases for decades, [3] [4] [5] [6] [7] increasing survival of these patients has led to greater concern for the neurotoxic effects of radiation [8] [9] [10] and a shift from WBRT to increase use of stereotactic radiosurgery (SRS). 11, 12 SRS has proven to be effective and well-tolerated, 11, 12 but may not be an appropriate treatment for lesions that are large, irregularly shaped, or geographically proximal to radiation sensitive normal tissues. [11] [12] [13] [14] Stereotactic radiation therapy (SRT) addresses these concerns by using smaller fractional doses of radiation while using the precise localization techniques of SRS to deliver highly conformal radiation. Local control rates of 40% to 90% are achieved with few serious toxicities. [15] [16] [17] [18] [19] [20] To date, the ideal dose and fractionation scheme for SRT is unknown and published regimens vary widely across institutions. [15] [16] [17] [18] [19] [20] We performed a pooled analysis of patients treated with SRT for solid brain metastases at 3 academic cancer centers to determine the SRT characteristics most predictive of local tumor control.
Methods and materials Patients and clinical data
All patients aged 18 years or older who received SRT to a solid brain metastasis at Brigham and Women's Hospital, Massachusetts General Hospital, or Beth Israel Deaconess Medical Center from January 1, 2001 , to December 31, 2011, were included. Patients were identified by a review of radiation therapy records at each institution. A common institutional review board approved the study protocol.
Data collected for this study included patient, tumor, imaging, and treatment characteristics.
For the purposes of this study, only 1 index lesion was identified and followed per patient, such that a 1:1 ratio of patient and index brain metastasis existed in the database.
The rationale for this approach was to minimize potential confounding factors that a per-person analysis could introduce including variations in the number and treatment of the patients' other brain metastases. If a patient had multiple brain metastases treated with SRT, the earliest recorded treatment was selected for inclusion in the analysis. In the few cases in which more than 1 brain metastasis received SRT at the same time, the index lesion was selected at random. Only intact solid tumor metastases were included. Prior surgery to any nonindex brain lesion and prior SRS or WBRT, inclusive of the index lesion, were permissible.
Radiation treatment
Radiation planning and immobilization technique varied by institution; however, in all cases patients were immobilized using either a thermoplastic mask or a rigid frame. Computed tomographyebased planning with fusion to contrast enhanced T1-weighted magnetic resonance imaging (MRI) scan was used to define the gross tumor volume. When MRI was contraindicated, a contrast enhanced computed tomography scan was used. A margin of 1 to 3 mm was added to the gross tumor volume to generate the planning target volume. The dose and fractionation scheme were chosen at the discretion of the treating radiation oncologist; additional details regarding dose and fractionation are detailed in the Results section. However, to best reflect the short course nature of therapy, we included any treatments delivered in larger than conventional radiation doses of 1.8 to 2 Gy per fraction and included any number of treatments up to a total of 10.
Patient outcomes and statistical analysis
The primary endpoints in this study were local control and toxicity. Local progression was defined by the modified MacDonald Criteria as an interval change greater than 25% of the largest axial diameter of the index lesion on contrast enhancing T1-weighted MRI without spontaneous regression or clinical progression resulting in initiation of salvage radiation or surgery. 21 Local control was then defined as any lesion that did not meet criteria for local progression. Patients were censored if the lesion did not meet criteria for local progression at last imaging.
Both a Kaplan-Meier (KM) and a competing risks methodology were used to estimate local control. For the purposes of the competing risks analysis, 2 events were defined to compete with local progression: (1) death without local progression and (2) WBRT or surgery related to distant brain metastases. Additionally, the relationship between clinical and demographic covariates and time to local progression was estimated using both a Cox proportional hazards model and a Fine and Gray competing risks regression method. Variables included in the multivariable model were selected based on clinical significance.
A nonmixture cure fraction model was also used to estimate the probability of lesion control based on dose response. For the purposes of this analysis, photon doses were analyzed in Gy and proton doses were adjusted using a relative biological effectiveness weighted of 1.1 expressed in Gy.
Descriptive statistics were used to report toxicity. Toxicity was defined as symptoms referable to the target site following treatment that were not related to disease progression. Potential adverse effects were graded using the Common Terminology Criteria for Adverse Events, version 3.0. Long-term toxicity was restricted to symptomatic radionecrosis, defined as a treated lesion with radiographic correlate for potential radiation injury and neurologic symptoms that ultimately necessitated either: more than 6 months of corticosteroid use from the time of treatment without evidence of tumor progression to the treated lesion on serial MRI or surgical excision with pathology revealing no viable cancer cells. Analyses were performed using Stata (StataCorp 2013, Stata Statistical Software: release 13; College Station, TX).
Results

Patient and treatment characteristics
Patient clinical and treatment characteristics are described in Table 1 . A total of 156 eligible patients were identified, of which 100 were female. The median age at receipt of radiation was 60 years (range, 20-92) and the median Karnofsky performance status at the time of radiation was 80 (range, 50-100). Tumor histologies included breast 21%, non-small cell lung 32%, melanoma 22%, small cell 9%, and renal cell carcinoma 6%.
In general, SRT was used for lesions that were larger than 3 cm, irregularly shaped, or located in proximity to dose-limiting normal structures such as the brainstem or optic chiasm. Most lesions measured less than 2 cm (45%), 37% were between 2 and 2.9 cm, and 17% were 3 cm (range, 0.4-6.4). Median target volume was 3.99 mL (range, 0.04-58.42). Median total SRT dose was 25 Gy (range, 12-36), median fractional dose was 5 Gy (range, 2.5-11), and median number of fractions was 5 (range, 2-10). A total of 22 different dose and fractionation schedules were represented in our patient cohort. The most common dose schedules were 25 Gy in 5 fractions (49%), 24 Gy in 3 fractions (14%), 20 Gy in 5 fractions (8%), and 20 Gy in 2 fractions (5%). The majority of patients, 132/156 (85%), underwent photon SRT with either a linac-based (n Z 103) or robotic stereotactic radiation therapy (n Z 29) technique, whereas the remaining 24 patients received proton radiation. Of the 156 patients, 98 (62.8%) had received cranial radiation therapy before SRT, either with WBRT (56.4%; n Z 88; median dose, 35 Gy), SRS (1.3%; n Z 2, median dose; 14 Gy), or a combination of WBRT and either SRS or fractionated, nonstereotactic, focal radiation therapy (5.1%; n Z 8; median WBRT dose, 35 Gy). The median cumulative dose to the index lesion before SRT was 35 Gy (range, ) and the median time from prior radiation therapy to the initiation of SRT was 26 weeks (range, 3-554). Although it is unclear how many physicians planned the SRT treatment as a boost, only 4/98 (4%) patients who received prior WBRT initiated SRT within 30 days of completion of WBRT. All received different SRT regimens and there were no gross difference among these patients regarding the likelihood of tumor progression. Approximately 90% (140/156) of patients received daily treatments 5 days per week, whereas the remainder received fractions spaced greater than 1 day apart (range, 2-21 days apart; median, 2 days apart).
Local progression
Of 156 patients treated with SRT, 131 were included in the analysis for local progression; the remainder lacked adequate follow-up imaging. With a median survival of 7.5 months (95% confidence interval [CI], 6.1-9.4 months) and a median imaging follow-up of 4.5 months, the cumulative incidence of local progression at 3, 6, 12, 18, and 24 months per Kaplan-Meier and competing risks estimates was 13%, 29%, 44%, 60%, and 64% and 11%, 22%, 29%, 34%, and 36%, respectively (Fig 1) . In the univariable competing risks analysis, total prescribed dose was the only variable significantly associated with the risk of local progression (Table 2) .
Of note, biologically effective dose (BED) was not a significant predictor of local control. An alpha/beta ratio inclusive of the spectrum from 1 to 100 Gy for each tumor type was included in the analysis and, as the alpha/beta ratio rose, its association with local control increased, suggesting independence between tumor response and fractionation. For example, assuming an alpha/beta ratio of 2 Gy, the hazard ratio for local progression was 0.98 (95% CI, 0.94-1.02; P Z .3), whereas assuming an alpha/beta ratio of 30 Gy yielded a hazard ratio of 0.87 (95% CI, 0.79-0.96; P Z .008) ( Table 2) .
On multivariable analysis, which included total prescription dose, planning target volume, tumor location, and tumor histology (defined as radioresistant ie, melanoma and renal cell carcinoma vs other), total prescription dose remained the only factor significantly associated with time to local progression (P Z .01; adjusted hazard ratio, 0.87) (Table 3) . Additionally, a sigmoidal relationship between dose and the probability of lesion control was derived from actuarial analysis using a nonmixture cure fraction model with logistic model of dose-response (Fig 2) .
Acute toxicity
Of 156 patients, 23.7% (37/156) experienced at least 1 adverse symptom potentially associated with SRT. The most common symptoms were fatigue and headache, with 18 cases of grade 1-2 fatigue and 13 reports of grade 1-3 headache. Additionally, 6 patients experienced grade 1-3 nausea and 3 patients demonstrated grade 1 cognitive impairment, manifesting as temporary confusion immediately following treatment.
There were 5 patients with a documented seizure occurring during or within 10 days of completion of SRT. Two patients experienced generalized seizures, 1 while on levetiracetam prophylaxis and the remaining 3 experiencing focal seizures. All were successfully managed with the initiation of antiepileptic medication, and the single patient experiencing seizure while on prophylaxis was successfully managed with phenytoin. There was no common SRT dose or fractionation regimen among these patients.
Radionecrosis
At a median of 6 months following completion of SRT (range, 3-9 months), 5 patients had developed symptoms concerning for radionecrosis and ultimately met study criteria for necrosis by surgical resection (n Z 1) or greater than 6 months of systemic steroid use (n Z 4). There was no consistent SRT dose or fractionation regimen among these patients, but all of the patients with documented radionecrosis received prior cranial irradiation, either in the form of WBRT (n Z 2), SRS to the index lesion (n Z 1), or both WBRT and nonstereotactic, conventionally fractionated, focal radiation to the index lesion (n Z 2). These prior courses of radiation occurred at a median of 238 days (range, 56-910) days before SRT.
Discussion
In our multi-institutional cohort of patients treated with varying SRT schedules for brain metastases based on CI, confidence interval; HR, hazard ratio; KPS, Karnofsky Performance Scale; SRT, stereotactic radiation therapy. Other abbreviation as in Table 1 . Advances in Radiation Oncology: JulyeSeptember 2017 SRT for brain metastases physician preference, total prescription dose was the sole factor significantly associated with time to local failure. Additionally, when the probability of local failure was evaluated as a function of total prescription dose, a sigmoidal relationship was observed with the greatest increase in local control observed at the 25 Gy threshold. BED, dose per fraction, tumor size, and tumor histology were not associated with local failure, nor were any other clinical or demographic characteristics. This finding stands in contrast to some prior single-institution experiences, often of smaller patient populations treated with uniform dose schedules that have demonstrated different local control rates based on both tumor size and tumor histology. For example, Aoyama and colleagues found a significantly improved 1-year local control rate for tumor volumes less than or equal to 3 mL (96% vs 59%), and data from Kwon et al suggest a decrease in local control for tumors >3 cm in maximum tumor dimension. 15, 16 More recent studies, however, suggest that larger tumor sizes, as reported by Navarria et al and Kim et al, may not result in a decrement in local control. 17, 18 Additionally, Minniti and colleagues reported a significant association between melanoma histology and a decrease in local control. 19 It is unclear why our results are in contrast to some other experiences. The linear-quadratic model does not accurately estimate biological effectiveness at larger fraction sizes and may be a factor for this difference. [22] [23] [24] Alternative models for BED, including the multitarget model and universal survival curve model, have been developed in response to the observation that cell survival in vitro exhibits a linear rather than a continuously curving relationship with dose, particularly at high doses per fraction. This suggests that BED in SRT may depend on the total dose delivered rather than the cumulative number of fractions. [25] [26] [27] [28] These models require clinical validation and resolution of conflicting mathematical models and of cell colony assay and in vivo studies. 28, 29 Our results demonstrate comparable local failure rates to both prior reports of SRT and to small institutional series of single-fraction SRS administered to eloquent areas of the brain. [16] [17] [18] [19] [20] [30] [31] Using the KM method, the estimated 1-year local failure rate in our cohort was 36%, whereas the 1-year competing risks estimate of local failure was 21%. The discrepancy between rates generated with the KM method and those estimates with a competing risks methodology are the result of our patient population in whom both death without local failure and intervention from distant metastases are high. In regard to toxicity, results were also in keeping with previously published reports. Acute toxicities were largely restricted to grade 1-2 headache, nausea, and fatigue. Five patients in our cohort developed symptomatic radionecrosis after SRT, all whom had received prior radiation to the index lesion; this compares favorably to prior studies reporting radionecrosis rates of approximately 3% to 9%. [16] [17] [18] [19] [20] There are several limitations to this study. First, this study is retrospective and cannot account for nuanced differences in the utilization of SRT across the 3 participating institutions. Both the decision to use SRT and the decision to use a particular radiation scheme was at the discretion of the treating physician. Furthermore, our results only apply to the specific dose and fractionations used in our practice and do not provide insight regarding comparisons of each permutation of fraction size for the same total dose, (eg, 30 Gy delivered in 5 6-Gy fractions vs 3 10-Gy fractions).
Additionally, details regarding treatment planning and delivery, including institutional differences in contouring, planning software, or patient setup, could not be fully compared. Finally, although most patients in this study received daily treatments, a minority of patients did receive fractions separated by more than 1 day. These treatments tended to be among patients receiving larger fraction sizes with probable intent to reduce normal tissue injury; however, it may impact local control and reduce the ability to detect differences between treatment schemes because of repopulation and reoxygenation effects.
Nevertheless, this study demonstrates that SRT, delivered with varying dose and fractionation schemes can be a safe and effective treatment for brain metastases while simultaneously demonstrating that total prescription dose and not BED or dose per fraction is a primary predictor of local failure. This study suggests that total doses exceeding 25 Gy should be used to ensure adequate tumor control rates; however, prospective and randomized comparisons of dose and fractionation accounting for BED are needed to better elucidate potential differences in local control.
